30 31 Golenberg et al. developed a citrullination-deficient zebrafish and demonstrated a role 32
citrullination of histones within a group of cells in the notochord bead, and for promoting 48 wound-induced proliferation required for efficient regeneration. These findings identify 49
Padi2 as a potential intermediary between early calcium signaling and subsequent 50 tissue regeneration. 51 zebrafish larvae. Interestingly, although previous studies have indicated that 139 mammalian PAD1 and PAD6 are necessary for normal development and fertility 140 (Esposito et al., 2007; Kan et al., 2012; Zhang et al., 2016) , we found that the Padi2-141 deficient zebrafish did not display any gross morphological defects, had normal viability 142 and crossings of this mutant line following expected Mendelian ratios ( Fig S2 A and B) . 143
A homozygous incross produces viable and developmentally normal maternal-zygotic 144 embryos indicating a maternal padi2 contribution is not necessary during early 145 embryonic development. To further address the role of citrullination in early 146 development, we detected citrullination activity in cleavage-and gastrula-stage embryos 147 and showed citrullination activity and Padi2 protein expression during both pre-and 148 post-maternal to zygotic transition in wild-type embryos activity in 1-2 hpf larvae. This 149 detected activity and protein was absent in the Padi2-deficient larvae (Fig 1 H and I) . 150
These observations provide the first evidence that citrullination is not necessary for 151 broadly normal development in zebrafish. 152
The mammalian PAD2 is the predominant isozyme in skeletal muscle and 153 nervous system (Kubilus and Baden, 1983; Watanabe et al., 1988; Watanabe and 154 Senshu, 1989) . To further characterize the mutant line, we examined the effects of the 155 mutation on muscle development in zebrafish. We visualized slow and fast-twitch 156 muscles in the trunk of 5 dpf larvae by staining for myosin heavy chain and F-actin. Both 157 skeletal muscle fibers in the padi2 -/larvae appeared morphologically comparable to 158 wild-type ( Fig S2 C and D) . To examine neuromuscular synapses in the trunk of 5 dpf 159 larvae, we immunostained for presynaptic vesicles (a-SV2) and acetylcholine receptors 160 (AChR, a-BTX) ( Fig S2 E and F) . Quantification of these puncta showed that padi2 -/-161 larvae form more neuromuscular junctions than wild-type larvae (Fig S2 F) . Previous 162 studies show that Padi2 is expressed in central synapses (Bayes et al., 2017) and that 163 PAD2 mice displayed behavioral defects (Falcao et al., 2019) . These data suggest that 164 citrullination may regulate the development of synapses, providing an interesting 165 avenue for future investigation. 166
Padi2 is required for efficient epimorphic regeneration 167
To determine the role of citrullination in wound healing and regeneration, we 168 performed a tail transection of 2.5 dpf larvae through the notochord without wounding 169 the caudal vein, as described by Rojas-Munoz et al. 2009 . padi2 expression during 170 regeneration was determined at 24 hours post wounding (hpw) by qPCR analysis on 171 extracted wounded fin tissue compared to age-matched, unwounded tissue (3 dpf). 172 padi2 was expressed in the affected tissue during regeneration and remained low in 173 padi2 -/wounded fins (Fig S3 A) . Regeneration of the fin was assessed 3 days post 174 wounding (dpw) by measuring the fin length from the blood circulation loop to the edge 175 of the fin along the notochord axis (Fig 2 A) . Regrowth of the fin was impaired in the 176
Padi2-decifient larvae compared to wild-type cousins (Fig 2 B ). Similar effects were 177 observed with transient morpholino depletion of padi2 following a fin fold excision (Fig  178   S3 B) . padi2 -/larvae had a slight, but statistically significant, increase in their 179 developmental fin length at 5 dpf compared to wild-type cousins (Fig 2 C) , indicating 180
Padi2 has different roles during fin development and regeneration. These findings 181 suggest that Padi2 is necessary for efficient tail fin regeneration, identifying a new role 182 for citrullination in wound repair. Interestingly, PAD activity and excessive citrullination 183 has previously been linked with poor wound healing in mice and chick embryos 184 (Coudane et al., 2011; Lange et al., 2011; Wong et al., 2015) . It is possible that the 185 absence of a PAD4 orthologue in zebrafish may contribute to these differences and 186 their high regenerative capacity. Taken together, these findings support the idea that 187 tight regulation of citrullination activity is necessary for normal regeneration. 188 Furthermore, these results highlight the different mechanisms underlying developmental 189 and regenerative growth. 190
Padi2 modulates leukocyte recruitment to a wound 191
A hallmark of wound repair is leukocyte infiltration and subsequent resolution of 192 inflammation that can modulate wound healing (Wilgus et al., 2013) . Citrullination has 193 been shown to affect the immune response in human disease (Li et al., 2010) , with 194 direct evidence for deimination of leukocyte chemotactic cues (Loos et al., 2009; Proost 195 et al., 2008; Yoshida et al., 2014) . To visualize leukocyte responses to a wound, we 196 compared padi2 -/and wild-type cousin larvae with either labeled neutrophils 197 (Tg(lyzc:H2B-mCherry)) or macrophages (Tg(mpeg1:H2B-GFP)) and quantified 198 leukocyte numbers within the region posterior to the blood circulation loop (Fig 2 D-G) . 199
Padi2-decifient larvae had a consistent increase in neutrophils at the wound at 6, 24, 200 and 48-hour post wounding (hpw) (Fig 2 E and F) . This difference is not due to altered 201 total neutrophil numbers as total numbers in padi2 mutants were not significantly 202 different than their wild-type cousins (Fig S3 C) , although there was a small increase of 203 neutrophils in the unwounded fin ( Fig S3 D) . We also found a small increase in 204 macrophages at the wound site in padi2 -/larvae, although this difference did not persist 205 and there was no change in total macrophage numbers ( Interestingly, macrophages displayed a localized aggregation around the notochord 207 bead at 6 hpw and 24hpw (Fig 2 E ), suggesting a potential role for macrophages in the 208 notochord bead during wound healing. Taken together, these findings are consistent 209 with a recent report showing that lymph nodes from PAD2 knockout mice show an 210 increase in the expression of genes involved with leukocyte migration (Liu et al., 2018) . 211
It is unclear if the persistent leukocyte infiltration is due to a failure of wound resolution 212 or due to a direct effect of citrullination on leukocyte signaling pathways. Citrullination of 213 chemokines have been reported to dampen inflammatory signaling ( Visualization of histone H4 citrullination upon caudal fin amputation in wild-type 233 zebrafish revealed signal exclusively within a localized group of cells in the notochord 234 bead (Fig 3 B and C), a region previously described as the regeneration blastema 235 To further characterize this structure, we used multiphoton microscopy to 241 understand the 3D localization of citrullinated histones within the context of the 242 wounded fin. Using second harmonic generation (SHG) to visualize the collagen fiber 243 network, in conjunction with H4cit3 immunostaining, we observed citrullinated histones 244 in a region devoid of collagen fibers at 6 hpw (Fig 3 D) . The notochord bead containing 245 this signal formed posterior to the original wound axis demarcated by the end of the 246 collagen network. Labeling F-actin to visualize cell borders demonstrated that the 247 notochord bead is composed of multiple cells (Fig 3 E) . The H4cit3 signal colocalized 248
with DAPI but only a subset of nuclei in this region were positive for histone 249 citrullination. Nuclei with histone citrullination can also be observed in cells outside the 250 notochord bead; it is possible that these cells move into this region from the notochord 251 . Future experiments will be needed 254 to verify the mechanism by which zebrafish Padi2 translocates into the nucleus. Finally, 255 visualization of the epithelium using Tg(krt4:EGFP) revealed that histone citrullination 256 did not occur within epithelial cells (Fig 3 F) . By 6 hpw, the wound epithelium has 257 already formed and encompasses the citrullinated cells and notochord bead (Fig 3 F) . 258
Taken together, we have identified a new wound-induced structure within the notochord 259 bead comprised of a subpopulation of cells with citrullinated histones. Given the 260 previous work implicating citrullinated histones in pluripotency, this raises the intriguing 261 possibility that these cells represent a key signaling hub in regenerative growth. Future 262 work will be needed to identify which cells or signals are necessary to promote 263 citrullination only within this subpopulation of notochord bead cells. 264
Toward this goal, we found that wound-induced histone citrullination was absent 265 in padi2 -/larvae at 24 hpw (Fig 3 G) . In the padi2 -/larvae, wounding did not induce 266 histone H4 citrullination in the notochord bead above unwounded levels, in contrast to 267 their wild-type cousins ( wound-induced proliferation, supporting the idea that these two processes have distinct 296 modes of regulation. 297
In summary, we identified a new role for citrullination in wound healing and 298 regeneration. Early calcium flux is a universal injury signal in organisms ranging in 299 complexity, and while there are many citrullination-independent calcium-induced wound 300 pathways (Niethammer, 2016) , this work identifies one potential regenerative 301 mechanism downstream of early wound-induced calcium flux (Fig 4 H) . We showed that 302 zebrafish Padi2 has conserved activity and calcium dependence, and that it is 303 necessary for calcium-mediated histone citrullination in zebrafish larval lysates. Padi2 304 appears to have opposing roles in developmental fin growth and regeneration with 305 respect to proliferation and tissue growth and is required for proper neutrophil response 306 to a wound. The identification of a new, localized population of cells with specifically 307 wound-induced, Pad2-dependent histone citrullination in the notochord bead suggests 308 that citrullination in this region may play a key role in orchestrating efficient regenerative 309 growth. The known role of histone citrullination in gene expression and pluripotency 310 suggests that this small population of cells represents a unique subset of blastemal 311 cells. A future challenge will be to characterize these cells further including analysis of 312 their gene expression profile to identify specific downstream effectors of this localized, 313 regulated histone citrullination. Moreover, this citrullination-deficient vertebrate model 314 provides a powerful tool for future studies to dissect the role of citrullination in 315 development, disease, and wound healing, and will aid in the identification of in vivo 316
Padi targets. 
Zebrafish and Human PADI alignment 416
Sequence alignments were performed using the EMBOSS Water pairwise 417 sequence alignment algorithm (Smith and Waterman, 1981 
Generation of a padi2 mutant line and genotyping 423
Zebrafish CRISPR/Cas9 injections were performed as previously described in Heterozygous padi2 zebrafish were maintained by outcrossing the CRISPR 443 mutants to AB wild-type background zebrafish and genotyped by genomic DNA isolated 444 from fin clips and amplified using the primers listed above. PCR product was either 445 separated on a 2% agarose gel for 3 hours or digested overnight with MwoI (New 446
England Biolabs) and separated on an agarose gel to determine individual fish 447 genotypes. For experimental purposes, F2 or F3 heterozygotes were incrossed for the 448 generation of adult homozygous mutant and wildtype siblings. These adults were then 449 incrossed to produce padi2 -/and wild-type clutches, referred to as cousins, which were 450 only used for experimentation and not for the maintenance of subsequent generations. 451
qRT-PCR 452
RNA and DNA were extracted from individual 2 dpf embryos from a padi2+/-453 incross using TRIZOL (Invitrogen) following the manufacturer's protocol. Embryos were 454 genotyped using GoTaq (Promega) as described above and 2-3 embryos of each 455 genotype were used for cDNA production using Superscript III First Strand Synthesis 456
System with Oligo(dT) (Thermo Fisher Scientific). qPCR was performed using FastStart 457 Essential Green Master (Roche) and a LightCycler96 (Rocher). Primers for padi2 and 458 ef1a are listed below. Data were normalized to ef1a using the DDCt method (Livak and 459
Schmittgen, 2001) and represented as fold change over wild-type embryos. 460
For evaluation of padi2 mRNA expression during wounding, incrosses of F3 or 461 F4 adult wild-type and padi2 -/siblings were done to produce offspring cousins 462 homozygous for the padi2 mutation or wild-type. Fin samples were amputated at the 463 line of the blood circulatory loop and 50-100 fins were pooled and flash frozen, with 464 equivalent sample sizes used per replicate. RNA was extracted from fin tissue from 24 465 hpw and unwounded, 3 dpf, larvae, as described above. Primers for padi2 and rps11 466 
Antibody production and western blotting 499
The anti-zebrafish Padi2 antibody was generated in rabbits using combined full 500 length 201a and 202 variants fused to 6x poly-histidine in the pTRCHisA vector. Each 501 immunogen was purified from BL21 E. coli lysates using a nickel-nitrilotriacetic acid 502 superflow resin (Qiagen) then combined and sent for anti-sera production (Covance). 503
For western blotting, 50-100 ~2 dpf or 5 dpf larvae were pooled and deyolked in 504 calcium-free Ringer's solution via gentle disruption with a p200 pipette. Lysates from 2 505 hpf and 7 hpf larvae were not deyolked; samples were instead dechorionated on a petri 506 dish coated with 2% agarose and then rinsed with PBS. Larvae were washed twice with 507 phosphate-buffered saline (PBS) and stored at -80°C until samples were lysed by 508 sonication in 20mM Tris pH 7.6, 0.1% Triton-X-100, 0.2 mM phenylmethylsulfonyl 509 fluoride (PMSF), 1 μg/mL Pepstatin, 2 μg/mL Aprotinin, and 1 μg/mL Leupeptin at 3 μL 510 per larvae while on ice and clarified by centrifugation. Protein concentrations were 511 determined using a bicinchoninic acid protein assay kit (Thermo Fisher Scientific), 512
according to the manufacturer's instructions. Equal amounts of total protein were loaded 513 on 6-20% gradient SDS-polyacrylamide gels and transferred to nitrocellulose. For 514 citrullination analysis by western of whole zebrafish lysates, methods for the 515 citrullination colorimetric assay were followed, as described below, with the addition of 516 dilution buffer in place of BAEE (Nα-Benzoyl-L-arginine ethyl ester hydrochloride in 100 517 mM Tris pH 7.4). The reaction was stopped after 90 minutes by boiling samples in SDS-518 PAGE sample buffer. zPadi2 rabbit anti-serum was used at 1:500 dilution, anti-Histone 519 H4 (citrulline 3) (EMD-Millipore) at 1:50, anti-actin (ac15; Sigma) at 1:1000, and anti-520
Histone H4 (EMD-Millipore) at 1:1000. Western blots were imaged with an Odyssey 521
Infrared Imaging System (LI-COR Biosciences). 522 padi2 mRNA re-expression 523 padi2-201a cloned into pCS2+8 (described above) was linearized using NotI 524 restriction digest and RNA was in vitro transcribed using the mMessage mMachine Sp6 525 kit (Ambion). RNA was cleaned up using an RNeasy Minikit column (Qiagen) and 526 injected into single cell embryos (3nl of 100ng/ul). Embryo lysates were collected as 527 described for western blotting at 2dpf and 5dpf. 528
In vitro citrullination colorimetric assay 529
Zebrafish Padi2 constructs and point mutations were expressed in BL21 E. coli 530 cells. Lysates were prepared on ice by sonication in 20mM Tris pH 7.6, 0.1% Triton-X-531 100, 0.2 mM phenylmethylsulfonyl fluoride (PMSF), 1 μg/mL Pepstatin, 2 μg/mL 532 Aprotinin, and 1 μg/mL Leupeptin and clarified by centrifugation. Bacterial lysates were 533 aliquoted and frozen at -80°C. Lysates from zebrafish larvae were prepared as 534 Reactions were diluted 1:10 for an 8 mM BAEE final concentration and 50 μL aliquots 541 were done in triplicate in a 96-well plate. 150 μL colorimetric buffer (composed of 1 mL 542 buffer A (80 mM diacetyl monoxime, 2 mM thiosemicarbazide) and 3 mL buffer B (3 M 543 phosphoric acid, 6 M sulfuric acid, 2 mM ammonium iron (III) sulfate)) were added to 544 each well and incubated at 95°C for 15 minutes, absorption was read at 540 nM. 545
Relative light units were normalized to western blot densitometry using Odyssey 546
Infrared Imaging System (LI-COR Biosciences). 547
Morpholino injections 548
Morpholino oligonucleotides (Genetools) were designed to the intron1/exon2 549 border of padi2. Morpholinos were resuspended in water to a final concentration of 1 550 mM. Morpholinos were diluted to a final concentration of 100 μM and 3 nl injection mix 551 was injected into one-cell stage embryos which were subsequently maintained at 552
28.5°C. Morpholino sequences used: padi2 MO: 5'-553 GAGCACATCTGGAATGGGAATATAT; control MO: 5′-554 CCTCTTACCTCAGTTACAATTTATA-3′. 555
Regeneration assays 556
For larval regeneration assays, incrosses of F3 or F4 adult wild-type and padi2 -/-557 siblings were done to produce offspring cousins homozygous for the padi2 mutation or MO injected larvae similarly to as described above with amputation adjacent to the 571 notochord, without causing damage to the notochord. Regenerated fins and 572 developmental controls were measured from the caudal tip of the notochord to the 573 caudal edge of the tail fin. 574
Immunofluorescence, microscopy and analysis 575
Images always shown with anterior to the left. 576
Neuromuscular labels 577
Immunostaining was performed on cousin offspring from incrossed adult F2 wild-578 type siblings and incrossed padi2 -/sibling zebrafish. 5 dpf larvae were fixed in 4% PFA, 579 0.125 M sucrose, and 1X PBS overnight at 4°C. For detection of slow muscles, larvae 580 were washed 3 times with 0.1% PBS-Tween20 and incubated in 0.1% w/v collagenase 581 type 1A (Sigma) in PBS at 37°C for 1.5 hours, followed by 3 washes in PBSTD (0.3% 582 TritonX, 1% DMSO in PBS). Larvae were blocked for 2 hours at room temperature (RT) 583 in PBSTD with 2% BSA and 4% goat serum. Monoclonal mouse anti-myosin heavy 584 chain antibody (F59) (DSHB) (Miller et al., 1985) was used at 1:20 in block buffer and 585 incubated overnight in 4°C. Larvae were washed five times in PBSTD and secondary 586
Dylight 488 donkey anti-mouse IgG antibody (Rockland Immunochemicals) was used at 587 1:250 in block buffer overnight at 4°C. Final five washes were done in PBSTD. Images 588 were acquired on a spinning disk confocal (CSU-X; Yokogawa) on a Zeiss Observer Z.1 589 inverted microscope and an EMCCD evolve 512 camera (Photometrics) with a Plan-590
Apochromat NA 0.8/20x air objective and collected as z-stack of 1 μm optical sections 591 at 512x512 resolution. Images were z-projected with using Zen 2.3 lite software (Zeiss). 592
For visualization of fast muscle, fixed fish were washed with PBS 3 times 593 followed by three washes in PBS with 0.1% Tween20. Larvae were permeabilized with 594 PBS 2% PBSTx (20% Triton-X-100 in 1X PBS) for 1.5 hours with gentle rocking. Fish 595 were then incubated with Rhodamin-phalloidin (Invitrogen) diluted 1:100 in 2% PBSTx 596 at 4°C overnight. Fish were rinsed in fresh 2% PBSTx followed by several washes in 597 0.2% PBSTx. Imaging was performed on the spinning disk microscope with a Plan-598
Apochromat NA 0.8/20x air objective (centered on cloaca) with 1 μm optical sections. 599
For neuromuscular junction visualization, fix was washed off with three PBS 600 washes. The skin was peeled with fine forceps (Dumont #55 dumostar, Fine Science 601 Tools) starting above the swim bladder and removed down to the fin. Skinned larvae 602 were incubated in 0.1% w/v collagenase type 1A at RT for 15 minutes with gentle 603 rocking followed by three washes in PBS. For detection of acetylcholine receptors 604 (AChR), larvae were incubated for 30 minutes at RT 10 μg/ml Alexa 594 conjugated a-605 bungarotoxin (Thermo Fisher Scientific) diluted in incubation buffer (IB: 0.1% sodium 606 azide, 2% BSA, 0.5% Triton-X-100 in PBS, pH7.4). Embryos were rinsed three times in (https://github.com/ekatrukha/ComDet/wiki). Particles were threshold as approximate 616 size being 5 pixels, intensity threshold for SV2 between 4-5 and a-BTX between 2-3 617 and a 6 pixel max distance between particles. 618
Histone citrullination 619
Immunostaining was performed on offspring cousins from incrossed adult F3 620 wild-type siblings and incrossed padi2 -/siblings. To identify histone citrullination, larvae 621 were fixed in a solution of 1% NP-40, 0.5% Triton-X, and 1.5% PFA in PBS at 4°C 622 overnight. The following day fix was replaced with a block solution of 2.5% BSA, 0.5% 623
Tween-20, 5% goat serum in PBS. Samples were blocked for at least 2.5 hours at room 624 temperature followed by the addition of poly-clonal rabbit anti-histone H4 (citrulline 3) images were z-projected as a maximum intensity projection and the integrated density 711 in the region of interest (ROI) was determined. Images were thresholded using the 712 threshold plugin using auto-thresholding with the "Intermodes" method in Fiji (Prewitt 713 and Mendelsohn, 1966) and the total area within the ROI was determined for particles 714 larger than 8 pixels. For presentation purposes, images were processed to remove 715 background using despeckling. Notochord bead area was determined in FIJI by 716 outlining this structure as determined by examination of the optical bright-field slices. 717
Total neutrophil numbers were determined using Imaris (Bitplane) with the spots 718 function as defined by a 10 μm diameter in the XY plane and a Z-diameter of 20 μm. 719
Total macrophage numbers were counted by hand using Z-projected images in Zen 2.3 720 lite software. For total leukocyte quantifications, leukocytes within the yolk sac and heart 721 were excluded. 722
For spatial assessment of nuclei with citrullinated histones, three dimensional 723 reconstructions and slices were constructed using Imaris (Bitplane, Oxford Instruments, 724 UK). Videos of z-stack scans and 3D rotations were made in Imaris, annotated in FIJI 725 using "Annotation_to_overlay1.3" plugin 726 (https://www2.le.ac.uk/colleges/medbiopsych/facilities-and-services/cbs/AIF/software-727 1/imagej-macros#Annotation) and converted to MP4 using HandBrake (v1.2.2) software 728 (The HandBrake Team, https://handbrake.fr/). 729
For EdU analysis, images were 3D reconstructed using Imaris software 730 (Bitplane). The number of EdU-positive cells were quantified in the fin region posterior 731 of the blood circulatory loop with the spots function as defined by an XY-diameter of 7 732 μm and a Z-diameter of 14 μm. The level of apoptosis activation at the wound was 733 determined by outlining the fin past the blood circulation using the corresponding bright-734 field image. In FIJI, total threshold area for active-Caspase3 signal in the wound was 735 determined using the threshold plugin in Fiji by auto-thresholding with the "Yen Dark" 736 method (Yen et al., 1995) for particles larger than 3 pixels. 737
Statistical analysis 738
For all statistical analyses, at least three independent replicates were conducted. 
